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The scanning electron microscope (SEM) is
useful in unraveling the histories of volcanic
ash particles (DeRita, Sheridan, and Marshall,
in press; Sheridan and Marshall, 1983; Wohletz
and Krinsley, in press). Although this work is
still in its infancy, the SEM has been used for
over 10 years to help interpret textural fea-
tures of pyroclasts (Walker and Croasdale,
1972; Heiken, 1972; Honnorez and Kirst, 1975;
Huang, Varner, and Wilson, 1980). Heiken,
McKay, and Brown (1974) and Heiken and
McKay (1977, 1978) combined SEM with opti-
cal inspection of lunar materials in determin-
ing a possible pyroclastic origin. Recently,
workers have attempted to develop systemat-
ics for SEM inspection of volcanic ash. Such
systematics take account of the importance
of bed-form variation and sample location
within the outcrop, grain-size variations of sam-
ples, choice of grain type (crystal, glass, lithic),
sample preparation, and the statistics of tex-
tural variations (Sheridan and Marshall, 1983).

Of great importance is the identification,
geologic significance, interpretation, and ori-
gin of the multitude of textural features shown
by pyroclastic particles. In the interpretation
of textural origins, Wohletz and Krinsley (in
press) consider pyroclast histories in three de-
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velopmental stages: formation of major grain
shape by eruption mechanism, modification
by transport abrasion, and alteration by post-
emplacement processes. DeRita, Sheridan, and
Marshall (in press}) also use this approach for
analysis of crystals in pyroclastic deposits from
a variety of settings.

The purpose of this paper is to examine
the vertical textural variations observed in strati-
graphic sections of ash and show how these
can be related to the eruptive history of vol-
canic vents. Samples were systematically taken
from near-vent localities in vertical sequences
of ash layers as in Heiken and McKay (1977,
1978). Both size distributions and petrologic
(chemical) constraints are among the features
used in interpretation of textural features of
the ash samples.

The samples studied in this report were
taken from four small (less than 2 km diame-
ter) volcanoes: Crater Elegante and Cerro Col-
orado in Sonora, Mexico, and Panum Crater
and Obsidian Dome, California. All four are
typical volcanoes formed by hydrovolcanic
eruptions. Crater Elegante is a basaltic tuff
ring and Cerro Colorado is a tuff cone. The
California examples are rhyolitic tuff rings.
All are less than 10° years old. The signifi-



80 / K.H Wohletz

cance of selecting these four volcanoes is that
their pyroclasts have been formed by explo-
sive mixing of meteoric water with magma as
it approached the surface.

The major consideration in understanding
the hydrovolcanic eruptive mechanism is the
energy of steam explosions. This quantity can
be related to the size of pyroclasts produced,
the mechanism of emplacement, and the
amount of water that interacted with the
magma. The size relationship has been quan-
tified by a standard granulometric approach
(Folk and Ward, 1957), the emplacement mech-
anism by textural observations using the SEM,
and the quantity of water by energy disper-
sive spectral analyses (EDS) of grain surfaces
coupled with SEM observations.

Size analysis of pyroclastic materials, how-
ever, is still a controversial subject. Basic con-
siderations are presented by Walker (1971),
discussed by Sheridan (1971), and subsequent
applications to hydrovolcanic materials are
given by Sheridan and Updike (1975) and by
Womer, Greeley, and King (1980). Predictably,
as hydrovolcanic eruptions increase in explo-
sive energy, median grain size decreases, and
pyroclast emplacement evolves from ballistic
projection and fall into dense-laminar and lean-
viscous surge (Wohletz and Sheridan, 1979).
Depositional bed forms resulting from these
emplacement mechanisms are, respectively,
normally graded, medium- to coarse-grained
ash (pyroclastic fall); inversely graded, medium-
grained planar beds (dense pyroclastic surge);
massive-bedded, fine- to medium-grained ash
(dense-to-lean pyroclastic surge); and sand-
wave-bedded fine-grained ash (lean pyroclas-
tic surge).

In this report, 19 textural descriptors (from
Wohletz and Krinsley, in press) are considered
and interpreted (see Table 1). The significance
of these descriptors is: (1) with decreasing water
interaction during eruption, the frequency of
broken, planar surfaces on pyroclasts decreases
and the abundance of vesicles increases; (2)
rounding and related features caused by trans-
port abrasion increase with increasing surge
density, being least for sandwave deposition

N

Table 1. Classification of Pyroclast Morphology

and Texture
Eruptive Transport Alteration
Mechanism (Edge (Palago-
(Grain Shape) Modification) nitization)

blocky, curvi-  grain rounding vesicle fillings
planar surfaces
vesicularity grooves and skin cracks
scratches
droplike or steplike solution and
fused skin fractures precipitation
deformation dish-shaped microcrystal-
planes fractures line encrusta-
tion -
adhering chipped edges
particles
platy cracks
mosslike upturned plates
V-shape
depressions

(also low for fall deposition), and greatest for
plane-bed deposition.

The rationale for EDS study of surface
chemical trends on pyroclasts is to show the
effects of posteruption diagenetic and weath-
ering effects upon pyroclasts and also to show
possible changes in magma compositions dur-
ing the pyroclastic phase of a volcano. Post-
depositional alteration is greatest for massive
and planar surge deposits and least for sand-
wave beds and fall deposits. Most studies of
posteruptive diagenetic or weathering effects
on volcanic glass concern palagonitization (for
example: Fuller, 1931; Peacock, 1926; Moore,
1966; Bonatti, 1965; Nayudu, 1964; Hay, 1960;
Hay and lijima, 1968; Jakobsson, 1978). Dur-
ing this process, which involves a hydration of
glass, various elements are mobilized and re-
distributed on grain surfaces, and a complex
assemblage of clays and zeolite minerals de-
velops. If ground water causes the alteration,
the process is slow (>10° years), whereas if
hydrothermal waters emanate from the vent,
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pyroclasts alter over just periods of years. A
third source of water emphasized in this report
is condensed steam trapped within the deposit
during emplacement. Presence and quantity
of this water determines whether initially fresh
deposits are wet and cohesive, or dry.

The method of SEM analysis of pyroclasts
is that used by Sheridan and Marshall (1983)
and includes optical inspection of cleaned,
sieved samples, whole grain photographs of
250-um-sized samples, and group photographs
of small, less than 63-um-sized grains. The EDS
analysis used is a semiquantitative, standard-
less analysis by a KEVEX 7000 series unit.
Analytical precision is within one to two weight
percent for silica values and within half of a
percent for most other elements. At least five
grains of each sample were analyzed and aver-
aged for fresh and altered surfaces. A 15-keV
beam potential was used for analysis on rela-
tively flat surfaces of about 200-um’ areas. Spot
analyses of 400 um’ or less showed very little
variation with analyses of decreasing area. The
analyses of fresh grains were compared to anal-
yses by other methods, which provided a mea-
sure of accuracy. However, the analyses re-
ported are interpreted to show only relative
variations in surface chemistry among grains
and not absolute elemental abundances. These

analyses are reported as oxide weight percents
normalized to total 100%.

SAMPLE DESCRIPTION AND
INTERPRETATION

Descriptive SEM features and the EDS analy-
ses are listed in Tables 2 through 8. They illus-
trate the variations of pyroclast characteristics
at the studied localities. Samples are from de-
posits which vary in median grain size from 1
cm lapilli to micron-sized ash. Size data plot-
ted in Figure 1 show that samples fall into size
fields related to bed form. Eruption energy
generally increases with decreasing grain size.

Crater Elegante

Crater Elegante is in the Pinacate volcanic
field, northern Sonora, Mexico (Jahns, 1959).
Itis a maar crater 1.6 km in diameter and 0.24
km in depth, described by Gutmann (1976).
The crater is surrounded by a tuff ring with a
maximum rim thickness of 50 m. The tuff ring
deposit is a yellowish tan, poorly sorted, dom-
inantly fine ash to ash-sized tephra composed
of basaltic glass, crystals, and lithic mater-
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Figure 1. Size distribution of samples included in this study. Rhyolitic samples are shown by open
symbols and basaltic samples are solid symbols. The rhyolitic samples are generally coarser grained
which reflects compositional effects upon the fragmentation mechanism. (P = planar, M = massive.
SW = sandwave.)
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Table 2. SEM Features of Crater Elegante Samples

Sample Fine
and Grain Edge Fraction Distinguishing
Bed form*® Shape Modification Alteration (weight percent) Features
PIN-1 vesicular none none broken, clean delicate shape
F : surfaces preserved
(2%)
PIN-2 blocky, planar  rounded, slight to mosslike abundant ad-
SwW surfaces, few  large chips moderate (15%) hering micron-
vesicles sized surface
material
PIN-3 blocky, planar  rounded, moderate, hy- mosslike adhering ma-
sw surfaces, few  large chips dration cracks  (12%) terial, but less
vesicles than PIN-2
PIN4 blocky, accre-  rounded, high, totally blocky, litte uneven sur-
M tionary masses smooth altered to adhering faces of many
palagonite material small blocks
(25%) and plates
stuck together
PIN-5 blocky and subangular, moderate, broken, angular  abrasion fea-
P vesicular many small some fresh chips with fine tures are well
chips on surfaces adhering grains  preserved,
edges (1%) many fracture
surfaces
PIN-6 blocky with subrounded, moderate to broken, angular  abrasion fea-
P few vesicle chipped high, vesicles chips with fine tures are well
surfaces surface filled with adhering grains  preserved,
alteration (2%) many fracture
material surfaces
PIN-7 blocky and subangular, moderate vesi-  blocky, abun- alteration
M vesicular small chips cle fillings dant adhering masking abra-
on edges material sion features
(13%)
PIN-8 blocky with subangular “ slight to moder-  clean, blocky, hydration rind
Sw few vesicles with smoothed ate with some  nonvesicular in vesicles
edges fresh surfaces (5%)

“Bed forms are: F - fall, SW - sandwave, M - massive, and P - planar.

ials in decreasing abundance (Table 2). The
sampled rim section stratigraphy shown in Fig-
ure 2 is discussed in detail by Wohletz and
Sheridan (1983) and records opening Strom-
bolian fall eruptions, followed by Surtseyan
blasts that fluctuated in energy and degree of
water interaction.

Sample PIN-1 is a coarse lapilli-fall of fresh
gray cinder. The EDS analyses (Table 3) give

an average for four grains and that of the fresh-
est appearing grain. The analytical values are
within one percent of typical values given by
Gutmann and Sheridan (1978) for hawaiite ba-
salts of that area and of Cerro Colorado basalt.
This sample is a product of the opening Strom-
bolian eruptions prior to hydrovolcanic activ-
ity. The typical vesicular shapes (Fig. 3a) with
fresh surfaces were caused by fragmentation
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Figure 2. Rim stratigraphic section from Crater Elegante showing sample locations and description.

Table 3. EDS Analysis—Elegante

Fall SwW Sw M P P M Sw
PIN-1° PIN-2 PIN-3 PIN4  PIN-5 PIN-6  PIN-7 PINS

Na,O 3.55 2.36 0.11 1.50 1.37 0.93 1.36 1.88 1.23
MgO 4.70 3.80 1.70 272 3.28 2.50 3.74 4.94 2.68
AO; 13.08 16.85 14.41 16.60 19.61 14.36 17.18 21.66 15.89
Si0; 46.54 50.45 62.69 63.78 58.59 67.07 60.81 52.35 62.61

K0 3.10 2.84 2.03 2.64 3.36 2.55 3.24 3.50 1.93
Ca0 6.54 8.31 6.83 5.05 5.06 4.68 3.70 5.12 6.68
TiO, 5.02 4.26 3.29 3.67 3.46 3.28 3.50 3.58 2.36
MnO 3.56 2.21 0.06 1.11 1.60 0.44 0.89 1.37 0.62
FeO 13.86 6.70 9.37 293 3.67 4.21 5.50 5.62 6.01
Glass 86.0 - 220 88.0 89.0 80.0 87.0 89.0 67.0
X-tal 11.0 - 12.0 7.0 9.0 13.0 9.0 9.0 26.0
Lithic 3.5 - 67.0 5.0 20 7.0 4.0 20 7.0

“Analysis of freshest appearing pyroclast and average analysis of sample, respectively.
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Figure3. Micrographs of Crater Elegante pyroclasts. a—Sample PIN-1 showing the vesicular and fresh
surfaces of the coarse fraction. b— Blocky vesicle-poor shapes of the fine fraction of PIN-1. c—Sample
PIN-2 coarse fraction is blocky with abundant adhered dust and slight surface alteration. d—PIN-2 fine
fraction pyroclasts are high surface area, mosslike shapes. e—Sample PIN-3 shows rounded, blocky
shape with a mold of a crystal that was torn from the glass during eruption; the left view is that of
secondary electrons and the right a back-scattered image; the surface shows slightly more alteration
than that of PIN-2. /— Sample PIN-4 showing accretionary particles on the surface of this grain from a
wet surge. All scale bars = 100 um except for b, for which the bar = 50 gm.

due to vesicle burst, and record little interac-
tion with external water. Less than two weight
percent of the sample exists in the fine frac-
tion (<63 ym diameter) and these particles
are characterized by blocky shapes and show
few vesicle surfaces (Fig. 3b).

Sample PIN-2 marks the beginning hydro-
volcanic activity, and the EDS and subse-

quent sample analyses show significant dif-
ferences from those of fresh grains (Table 3).
The sample contains dominantly lithic mate-
rial due to clearing of the vent during open-
ing explosive eruptions. The blocky shape of
coarse fraction grains (Fig. 3c) is typical of
fragmentation due to interaction with water.
The abundant, fine, ym-sized material adher-
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. ing to larger fragments is evidence of origin
from strong explosions. The mosslike shapes
(Fig. 3d) of fine fraction grains result from high
surface area, explosive heat transfer and are
another indication of the high.energy of the
eruptive activity. This fraction comprises nearly
15 weight percent of the sample and would
likely be much more if the small particles were
not attached to larger ones. Surface alteration
is slight-to-moderate indicating that deposits
were emplaced in a dry surge in which water
vapor was highly superheated prior to de-
position. The rounded, chipped edges of py-
roclasts from this sandwave deposit are the
result of strong abrasion due to high-energy,
saltating emplacement.

PIN-3 is also from a sandwave deposit
formed by a high-energy hydrovolcanic explo-
sion. It is slightly more altered than PIN-2 and
shows hydration cracks and palagonitized sur-
faces. Molds of crystals torn from enclosing
glass are preserved (Fig. 3e) and are typical of
hydrovolcanic eruptions (DeRita, Sheridan,
and Marshall, in press). The fine fraction also
shows the mosslike surfaces.

PIN-4 is fine-grained ash resulting from an
eruption that produced a very wet surge. The
cohesiveness of the wet surge is displayed by
the abundance of accretionary pyroclasts (Fg.
3f) in the coarse fraction. Twenty-five weight
percent of the sample is composed of pyroclasts
less than 63 ym in diameter, however, and these
tiny blocky grains show few adhering, micron-
sized dust particles. Glassy pyroclasts are totally
altered to palagonite, which is additional evi-
dence for wet emplacement. These grains are
rounded, with relatively smooth surfaces due
to abrasion that occurred during emplacement
in surges.

PIN-5 is a sample of a coarse-grained pla-
nar deposit that shows both blocky grains with
planar surfaces and also vesicular shapes. The
alteration is moderate and only one weight
percent of the deposit is in the fine fraction.
This evidence suggests that PIN-5 resulted
from water-poor eruptions involving expan-
sion of magmatic volatiles. Explosive frag-
mentation was minimal and grains were trans-
ported in poorly inflated surges. The grains
show many abrasion pits and surfaces that re-

sulted from transport in a dense surge mov-
ing in laminar flow.

PIN-6, PIN-7, PIN-8 are samples of planar,
massive, and sandwave deposits, respectively.
This succession of deposits records a gradual
increase in eruption energy. Fragmentation
(percentage of <63-um pyroclasts) increases
and vesiculation decreases from PIN-6 to PIN-7.
PIN-7 experienced less abrasion due to its trans-
port in a lower density surge. Steam produced
in the eruption was cool enough to condense
on particles, as evidenced by vesicle fillings
of alteration material. PIN-8 is a fresh deposit
showing only slight-to-moderate alteration of
pyroclasts produced by dominantly hydrovol-
canic fragmentation. Water was likely highly
superheated in these energetic explosions, al-
lowing most of it to escape the surge cloud
prior to condensation. Some hydration, how-
ever, is apparent in vesicles. Grains show lit-
tle abrasion from transport in the dilute surges.

Cerro Colorado

Cerro Colorado is a tuff cone located near
Crater Elegante in the Pinacate volcanic field.
It has been studied by Jahns (1959), its stratig-
raphy is discussed by Wohletz and Sheridan
(1983), and preliminary SEM analyses are
shown by DeRita, Sheridan, and Marshall (in
press). The steep-sided cone was built by highly
cohesive and palagonitized surge deposits
which indicate much wetter eruptions than
those that formed Crater Elegante. The cone
encircles a crater nearly 1 km in diameter and
rises over 100 m above the crater floor. The
basal unit of the tuff is 10 m of thinly bedded,
slightly palagonitized surges while the rest of
the stratigraphic section (Fig. 4) is massive,
thickly bedded, highly palagonitized tuff. SEM
features and EDS analyses are shown in Tables
4 and 5, respectively.

PIN-12 is a sample of a sandwave deposit
near the base of the cone. This depositis only
slightly palagonitized and resulted from high-
energy, dry-surge eruptions. The blocky pyro-
clasts (Fig. 5a) have sharp edges rounded and
smoothed by abrasion and have thin, hydrated-
glass encrustations. The adhering dust on both



86 / K. H. Wohletz

10m

Column

CERRO COLORADO

Sample

tuff breccia

tuff breccia

313 Massive

=

P oo
e

Massive palagonite

Massive gravelly

Description
Mdg = 044,0
Md¢= 139,04 =174

=152

Mdg= 038, 0y =164

Thinly bedded surge

Mdg = 196, 0y =180

12 Sandwave Mdy = 1.40, o'¢ =1.64

Figure 4. Rim stratigraphic section from Cerro Colorado. The lower, thinly bedded surge deposits
resulted from drier eruptions than those in the upper massive section.

Table 4. SEM Features of Cerro Colorado Samples

Sample Fine
and Grain Edge Fraction Distinguishing
Bed form® Shape Modification Alteration {weight percent) Features
PIN-12 blocky, subrounded, crusty hydra- blocky with adhering dust
SwW droplike smoothed tion rind abundant on coarse
chipped adhering dust grains
(7%} .
PIN-13 accretionary, rounded, dish-  high granular blocky cores glass enclosing
M blocky shaped material cover-  with accreted crystals, accre-
fractures ing surface fine dust tionary lapilli
(11%)
PINS vesicular subangular, few vesicle fill-  angular plates solution pits
F few chipped ings, fresh and blocks
surfaces surfaces (1%)
PIN-10 blocky, subrounded, moderate to angular blocky  crystal molds
M vesicular grooves and high granular and droplike in glass
chips encrustation (9%)
PIN-11 blocky subrounded, moderate hy- platelike glass enclosing
P grooves, dish-  dration cracks  (1%) crystals
shaped and skin, fresh
fractures areas '

*For bed forms, see Table 2.
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Table 5. EDS Analysis— Colorado
SW M M P
Fall  PIN- PIN- Fall PIN- PIN-
PIN-I 12 13 PIN9 10 1
Na,0 236 1.14 128 — 088 0.62
MgO 384 249 299 167 163 162
AlO; 16.85 10.78 13.54 11.58 12.48 11.58
Si0; 5045 69.67 62.55 69.55 69.88 71.03
KO 284 302 278 195 168 1.58
Ca0 831 3.64 492 545 524 522
TiO, 426 297 35 263 268 243
MnO 221 196 166 — 083 —
FeO 670 433 6.57 8.17 521 594
Glass 86.00 87.00 86.00 92.50 88.00 82.00
X-tal 11.00 1200 1400 4.50 10.00 17.00
Lithic 3.50 100 100 200 150 1.00

the coarse and fine fractions reveals the strong
fragmentation that occurred during eruption.

PIN-13 (Fig. 5b) illustrates a deposit re-
sulting from wetter eruptions. Accretionary,
strongly altered grains resulted from vapor con-
densing on particles, which makes them co-
hesive. The wetter eruptions were not as en-
ergetic, as evidenced by glass still clinging
to crystals.

PIN-9 resulted from an eruption produced
by vesiculation when access of water to the
vent temporarily ceased. Grains show little
alteration and only coarse fragmentation. The
deposition by fall is evidenced by lack of edge
modification by abrasion.

PIN-10 and PIN-11 are samples of massive
and planar surge deposits typical of the wet
eruptions that built up the cone. PIN-10 came

Figure 5. Micrographs of Cerro Colorado pyroclasts. a—Sample PIN-12 shows a blocky pyroclast
with adhering dust and alteration. 5— Sample PIN-13 showing a rounded accretionary grain with strong
alteration that resulted from a wetter eruption than PIN-12. ¢ —The coarse fraction of PIN-10 illustrates
the highly altered surface of grains showing hydration cracks (skin) and plucked crystal molds. d—The
fine fraction of PIN-10 shows both blocky and droplike shapes characteristic of strong water interaction
during eruption. All scale bars = 100 #m, except d, where scale bar = 50 um.



88 / K. H. Wohletz

Table 6. SEM Features of Panum Crater Samples
Sample Fine
and Grain Edge Fraction Distinguishing
Bed form® Shape Modification Alteration {weight percent) Features
PAN-1. vesicular, subangular, moderate with  blocks and vesicular with
M blocky smooth vesicle fillings  plates, some lithic material
rounded vesi- adhering
cle edges (9%)
PAN-2 blocky subangular, slight, mostly very thin plates, impact
SwW grooves, dish- clean surfaces  abundant fractures
shaped micron-sized
fractures dust
(11%)
PAN-3 blocky, angular, none  slight, clean blocks and no abrasion
F vesicular surfaces plates, no fine
dust
(5%)
PAN+4 blocky, subrounded, slight, vesicle blocks, adhering highly abraded
SwW vesicular stepped and fillings dust edges
dish-shaped (1%)
fractures
PAN-5 blocky angular, chip- none blocks, no clean surfaces,
P ped edges adhering dust few vesicles
(2%)

“For bed forms, see Table 2

from a more energetic surge blast than PIN-11
as shown by its finer grain size and crystals
separated from glass. PIN-10 also resulted from
wetter eruptions than PIN-11, as shown by its
stronger hydration (Fig. 5c) and blocky and
droplike fine fraction grains (Fig. 5d). The fine
fraction grains of PIN-11 are platelike, formed
by fracturing of larger grains and not by inter-
action with water.

Panum Crater

Panum Crater is a Holocene, rhyolite dome
surrounded by a tuff ring about 500 m in diam-
eter. It erupted on the northern end of the
Mono Crater chain in east-central California
(Putmam, 1938; Kistler, 1966; Wood, 1977; Sieh,
1983). Initial explosive eruptions resulted from
the extrusion of vesiculating rhyolite through
the water saturated alluvial deposits around
Mono Lake. Both hydrovolcanic and sub-

Plinian explosions occurred during formation
of the tuff ring. Late-stage activity consisted
of the passive extrusion of a rhyolite dome in
the tuff ring crater. Samples were obtained in
a pumice quarry on the southeast side of the
tuff ring. SEM features are given in Table 6.
The chemical analyses for the least-altered sam-
ples, PAN-2 and PAN-5, given in Table 7 are
closely comparable to published analyses for
Mono Crater rhyolite (Loney, 1968).
Initiation of explosive eruptions emplaced
an explosion breccia over a lava flow breccia
(Fig. 6). PAN-1 (Fig. 6} is a sample of massive
surge bed within the explosion breccia. These
opening explosions, as do later ones, show con-
tributions of both magmatic vesiculation and
hydrovolcanic fragmentations. Such eruptions
are termed phreatoplinian by Self and Sparks
(1978). This origin is characterized (Figs. 7a
and 7b) by the vesicular but blocky nature of
coarse grains, and the blocky to platy shapes
of the fine fraction. The sample also contains
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Table 7. EDS Analysis Panum and Obsidian Dome
M sw Fall SwW P Fall P M
PAN-1  PAN-2 PAN-3 PAN4  PAN-5 OBS-1 OBS-2 OBS-3
Na)O 1.37 1.39 1.67 1.50 1.52 1.37 0.91 0.94
MgO 1.59 1.30 154 1.51 1.48 1.60 0.37 0.39
ALOs 13.49 12.62 12.92 12.86 13.02 14.44 17.68 16.34
Si0; 67.72 72.45 69.39 68.45 70.83 65.56 68.58 70.02
K,O 5.80 5.55 5.94 6.01 5.77 6.68 7.29 7.72
CaO 2.40 1.85 223 2.34 2.01 3.03 2.25 2.30
TiO: 2.14 1.64 2.02 2.22 1.79 2.33 0.57 0.66
MnO 1.86 1.26 1.62 1.98 1.40 1.85 0.02 -
FeO 3.62 1.97 2.64 3.13 1.29 3.15 2.32 1.54
Glass 859 74.0 83.0 87.0 83.0 74.0 83.0 88.0
X-tal 4.7 240 12.5 8.0 12.0 19.0 150 9.0
Lithic 94 20 45 4.8 4.0 70 - 2.0 3.0
PANUM CRATER
Column Sample Description
": » 5 Planar
TR Mdg= 0.18,0p =2.06
P oatiicnsa 4 Coarse Sandwave
\,"I‘H.f.,_-,_g,b Mdg =029, O =1.18
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“"
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S Mdg= 0.66, c'¢ =253
Sandwave
Md¢= 2.83, O'¢ =098
2m-
Massive
Planar
Explosion breccia
Mdg = 1.80, o‘¢ =209
o DRSS Flow breccia
Figure 6. Rim stratigraphic section at Panum Crater.
a significant contribution of lithic material from PAN-2 (Fig. 7c) is a sample from a sand-

explosions piercing the wall rock. The surge
transport is indicated by smoothed edges of
vesiculated blocks. Broken bubble walls are
revealed by platy shapes in the fine fraction.
Abundant water in the surge deposit produced
moderate alteration on grains.

N\

wave deposit formed from explosions that had
increased in energy over those that emplaced
the earlier planar and massive surge deposits.
The eruptions producing the sandwave deposit
were dominantly hydrovolcanic with a minor
contribution by vesiculation. High-energy trans-
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port produced abundant edge abrasion of
clasts, and alteration was slight because of dry
emplacement. The thin, platy forms of the fine
fraction are due to fracturing along microfo-
liation produced in the lava as it approached
the surface.

PAN-3 (Fig. 7d) is a sub-Plinian fall deposit
resulting from magmatic explosion with littie
water interaction. Grains show no transport
abrasion and only slight alteration. The sam-
ple is from the fine-grained lower layers of

1Sk U

141%

this reversely graded deposit. The fine frac-
tion accounts for only five weight percent of
the sample.

Water again aided the following phreato-
plinian eruptions in producing the blocky vesic-
ular grains in the coarse sandwave deposits of
PAN-4. These grains experienced significant
abrasion during transport in a sandwave surge.
Final eruptions were solely hydrovolcanic and
produced the blocky grains shown in PAN-5
(Fig. 7e). Water interaction was limited; pyro-

Figure 7. Micrographs of Panum Crater pyroclasts. a—Sample PAN-1 is from a massive bed in the
basal explosion breccia; a grain from the coarse fraction shows vesicular and blocky shape with a moder-
ate amount of alteration in vesicles. The fine fraction b shows blocky and platy shapes of broken vesicle
walls. c—Sample PAN-2 shows angular, blocky shape with edge modification due to transport abrasion.
d—Sample PAN-3 shows elongate, vesicular shape resulting from a magmatic eruption. e—Sample
PAN-5 shows clean, planar surfaces of a blocky grain with edge rounding, dish-shaped fractures, and
chipping due to transport abrasion. All scale bars = 100 um.
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clasts apparently were emplaced dry and suf-
fered no alteration by water.

Obsidian Dome

Obsidian Dome is one of the northern Inyo
domes, a line of obsidian eruptions south of
the Mono Crater chain in California (Wood,
1977; Miller, 1983). This glass flow varies in
composition from rhyodacite to dacite. It is
described by Mayo, Conant, and Chelikowsky
(1936). The dome is surrounded by a collar of
ash that forms a poorly exposed tuff ring. Sam-
ples have been obtained from a recent road
cut on the western side of the dome. SEM
features are shown in Table 8. Explosive activ-
ity varied through stages of sub-Plinian pum-
ice fall and hydrovolcanic explosions as water
gained access to the vent. The sequence shown
in Figure 8 demonstrates the gradual increase
in hydrovolcanic activity following early mag-
matic, vesiculation explosions.

OBS-1 (Fig. 8) is from a coarse, pumiceous
ash-fall deposit that resulted from strong vesic-
ulation of a volatile-rich magma as it reached
the surface. The fine bubble-wall texture of
grains is well preserved. Grains show no abra-
sion features and have no alteration products
on their surface (Fig. 9a).

As water gained access to the vent, erup-

tions became phreatoplinian. OBS-2 (Fig. 8)
is a sample of a planar surge deposit. The clasts
show vesicular blocky grain shapes. Vesicle
edges were smoothed by surge transport. Abun-
dant adhering dust on the fine fraction, as well
as the appearance of alteration, are evidence
of water interaction during eruption and
emplacement.

Sample OBS-3 (Fig. 9b) shows features of
increased water interaction. This sample is from
a vesiculated tuff (Lorenz, 1974) and was em-
placed as a massive-bed surge. Eruptions were
dominantly hydrovolcanic as the magma be-
came depleted in volatiles. Pyroclasts are
mostly nonvesicular and subrounded, show-
ing smooth surfaces from abrasion during surge
transport. The wet emplacement is shown by
abundant trapped steam bubbles in the de-
posit matrix and moderate hydration on grain
surfaces. The fine fragmentation produced by
water interaction is revealed by abundant ad-
hering dust on the fine fraction.

DISCUSSION AND CONCLUSIONS

Using SEM techniques to characterize pyro-
clasts is a relatively new approach. This study
demonstrates a systematic interpretation of
pyroclasts in vertical sequences of hydrovol-
canic eruption products. The fundamental

Table 8. SEM Features of Obsidian Dome Samples

Sample Fine
and Grain Edge Fraction Distinguishing
Bed form*® Shape Modification Alteration (weight percent) Features
OBS-1 vesicular, angular, none none plates from delicate vesicle
F sharp prong- broken bubble walls preserved
like edges walls
(2%)
OBS-2 vesicular, subangular, slight to plates from smoothed
p blocky smoothed vesi- moderate, vesi- broken bubble vesicle edges
cle edges cle fillings walls with
adhering dust
(8%)
OBS-3 blocky, fewer  subrounded, moderate, blocky and smooth planar
M vesicles smoother grain  hydrated skin platy, abundant  surfaces
edges, dishlike adhering dust
fractures (6%)

“For bed forms, sec Table 2.

N
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Column

0.5m

OBSIDIAN DOME
Description
Vesiculated tuff

Mdg= 210,07 = 1.73

Planar
Md¢~ 1.68 o¢ =2.04

Pumice
Mdg= 2.1, 0'4, =174

Sandwave

Fine ash-covered

Figure 8. Rim stratigraphic section of the tuff ring surrounding Obsidian Dome. Sampled sequence
records magmatic, sub-Plinian pumice fall, planar-bedded, dry-surge, and vesiculated, massive wet-surge.

Figure 9. Micrographs of Obsidian Dome pyroclasts. a—Sample OBS-1 showing well-preserved, vesic-
ular shape with fresh surfaces. b—Sample OBS-3 showing blocky, rounded shape and moderate alter-

ation on surfaces. All scale bars = 100 ym.

observation of grain shape allows interpreta-
tion of the relative contribution of magmatic
vesiculation and hydrovolcanic water interac-
tion in production of pyroclasts. The energy
of eruption can be inferred from the degree
of transport abrasion for samples from spe-
cific bed forms in near-vent samples. For re-
cent hydrovolcanic eruptions, the degree of
surface alteration combined with the abun-
dance of fine adhering dust allows inference
of the amount of water interaction during and
after deposition. EDS analyses also permit in-
terpretation of the wetness of eruptions by
showing the degree of glass alteration pro-
duced by water trapped in the deposit after
emplacement.

Pyroclast Shapes

In the samples studied, three dominant shapes
of grains greater than 100 ym diameter were
observed. Blocky grains with planar and cur-
viplanar surfaces that may cut vesicle walls
are most characteristic of hydrovolcanic frag-

" mentation. This fragmentation mechanism ap-

pears to involve a form of brittle fracture and
is likely caused by stress waves from the vapor
explosions propagating through the melt.
Droplike grains with fluidal-form surfaces
encasing vesicular glass were not observed as
frequently as blocky forms. These shapes, how-
ever, are common in submarine volcanoes such
as Surtsey. Droplike forms suggest fluid defor-
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mation of magma fragments. Vesicular forms
show surfaces whose shape is determined by
bubble-wall textures (Fisher, 1963) and result
from magmatic volatile explosion.

Fine fraction (<63 ym diameter) shapes also

demonstrate blocky shapes. Vesicular shapes
are rare. Platelike shapes observed may re-
present pieces of bubble walls or fracture of
brittle, foliated lava. Mossy shapes demonstrate
a high surface area to diameter ratio and are
common in highly explosive magma-water in-
teractions. High surface area is a necessary
condition for highly efficient, conductive heat
transfer from the magma to the water.

Itis clear that quantification of grain shapes
would facilitate sample characterization and
identification. Fourier and fractal methods
(Orford and Whalley, Paper 5-2; Ehrlich and
Weinberg, 1970) are an attractive means of
quantification but have yet to be standardized
for pyroclastic rocks. Similarly, edge modifi-
cation could be quantified. In such a study,
the number and types of abrasion features could
be characterized. Edge modification includes
the general phenomenon of rounding as well
as other kinds of abrasion aspects. Features that
result from grain-to-grain and grain-to-substrate
impacts occurring during transport were ob-
served by Wohletz and Krinsley (in press). Abra-
sion is more apparent upon grains transported
in dense pyroclastic surges depositing planar
beds than in lean surges which deposit mas-
sive and sandwave beds. Abrasion features
observed in this study include grooves or
scratches, dish-shaped fractures, steplike frac-
tures, and chipped or flaked areas. The type
of abrasion feature may be due to the energy
of impact. The number of impacts is a func-
tion of transport distance and spacing of grains
during flow, a measure of surge or flow den-
sity (Wohletz and Krinsley, 1980). Furthermore,
coarse grains show more edge modification
than do the fines.

Postdepositional Alteration

Alteration features are very complex; most
common is palagonitization and hydration of
glass. The source of the water of hydration
and its chemical effects are still poorly under-
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stood. For hydrovolcanic deposits of recent
age, Wohletz and Sheridan (1983) show evi-
dence that most palagonitization may be due
to water trapped in the deposit during pyroclast
emplacement. Dry deposits (sandwave surge
and ash fall) show less palagonitization because
steam segregated from the pyroclasts prior to
deposition. Conversely, wet deposits (massive
and planar surge) show strong palagonitization
because steam condensed on pyroclasts dur-
ing transport and produced highly cohesive
wet deposits. Dry and wet deposits have been
found to be interstratified in tuff cones and
tuff rings. Vents erupting in shallow marine
or lake waters often show more palagonitiza-
tion than those in continental areas where only
ground water existed during eruption. Hence,
the amount of water present in the environ-
ment during eruption affects the degree of
palagonitization as well as the energy of ex-

-plosions (Sheridan and Wohletz, 1981). Com-

plexities in this relationship arise from post-
emplacement hydrothermal activity, surface
weathering, and ground-water movement.
Alteration features observed in this study
include hydration rinds and cracks, microcrys-
talline overgrowths and encrustations, and
vesicle fillings. Furnes (1975) experimentally
studied palagonitization and found that it re-
sults in a redistribution of elements in glass.
The redistribution may be observed as either
a gain or loss of an element from its initially
fresh, unaltered abundance. The EDS analy-
ses show the relative elemental gains and losses
and are plotted in Figure 10 for the sampled
stratigraphic sections. For Crater Elegante and
Cerro Colorado the major element chemistry
varies considerably moving up-section from
the fresh, basaltic sample PIN-1 to altered sam-
ples in those two hydrovolcanic sequences.
Si0; and Al;Oa exhibit the strongest apparent
absolute variations, but FeO, Na,0, and CaO
abundances show the greatest relative change
from their initial values. SiO; and Al;O:show
opposing losses and gains that are complexly
related to bed form. Fall deposits show the
least alteration. Wetness of emplacement in-
creases in a general manner from sandwave
and planar to massive beds. FeO values show
the most consistent and apparent changes that
can be related to hydrovolcanic alteration. For
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Major element abundances of samples taken in stratigraphic sections. The average and

sample 1 for Crater Elegante are approximations of fresh basalt for both Elegante and Cerro Colorado.
The stippled lines show that elemental abundances for analyses of samples taken higher in the sections
reflect alteration due to palagonitization. Sample bed-form types are designated as E fall; SW, sandwave

surge; M, massive surge; and F planar surge.

rhyolite samples, alteration changes are much
less pronounced because rhyolite glasses are
not as reactive to water as basaltic glass (Mar-
shall, 1961; Hawkins and Rustum, 1963). In
Figure 11 the progressive loss of oxides is plot-
ted against increasing water content of basal-
tic palagonite. The alkalis and iron show the
greatest relative changes while silica and alu-
mina show the least, as illustrated in Figure
10. Altered basalts of Crater Elegante and Cerro
Colorado show relative changes of SiO; and
Al,O; of about 18-31% corresponding to water
gains of 8-15%. FeO shows a loss of 50-82%
corresponding to water gains of 10-20 weight
percent for these samples. In this manner, sur-
face chemical analyses by EDS allow a rough
estimate of the relative degree of grain alter-
ation. When considered with size and SEM

analyses, this method can provide data on the
amount of magma-water interaction that has
produced hydrovolcanic tephra.

In conclusion, pyroclastic material can pro-
vide useful data and information about erup-
tive activity. The SEM coupled with grain-
size data and surface-chemical analysis by
EDS is an effective method for studying pyro-
clasts. The methods fit into current standard
techniques of pyroclastic studies where sam-
ples are prepared by sieving analysis and opti-
cal microscopy identification of constituent
grains. EDS systems are common companion
hardware on SEM setups and with improved
software techniques can provide quick, approxi-
mate analyses that allow further characteriza-
tion and identification of pyroclastic material.

This study shows that grain shapes, sizes,
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Figure 11.  Plot of relative change in oxide abundance versus weight percent water analyzed in basaltic
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and surface textures vary systematically. For
hydrovolcanic eruption sequences, blocky and
vesicular shapes reveal the relative contribu-
tion of magmatic vesiculation and magma-
water interaction in formation of pyroclasts.
The grain size of ash samples permit evalua-
tion of the energy of explosive fragmentation.
Highly explosive events result in development
of abundant fine material (less than 63 um)
that adheres to larger particles. The degree of
grain rounding and amount of edge modifica-
tion increases with density of surge and flow
deposition. The amount of postemplacement
alteration increases with the wetness of em-
placement, and so is a measure of the degree
of water-magma interaction.
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